Comparative toxicity potentials (CTP), in life cycle impact assessment also known as characterization 21 factors (CF), of copper (Cu) and nickel (Ni) were calculated for a global set of 760 soils. An 22 accessibility factor (ACF) that takes into account the role of the reactive, solid-phase metal pool in the 23 soil was introduced into the definition of CTP. Geographic differences in fate, accessibility, 24 bioavailability, and terrestrial toxicity were assessed by combining the USEtox characterization model, 25 empirical regression models, and terrestrial biotic ligand models. 
accessibility factor (ACF) that takes into account the role of the reactive, solid-phase metal pool in the 23 soil was introduced into the definition of CTP. Geographic differences in fate, accessibility, 24 bioavailability, and terrestrial toxicity were assessed by combining the USEtox characterization model, 25 empirical regression models, and terrestrial biotic ligand models. The median CTPs for Cu and Ni with 26 95% geographic variability intervals are 1.4×10 3 (1.7×10 2 -2.0×10 4 ) and 1.7×10 3 (2.1×10 2 -1.1×10 4 ) 27 m 3 /kg·day, respectively. The geographic variability of 3.5 orders of magnitude in the CTP of Cu is 28 mainly associated with the variability in soil organic carbon and pH. They largely influence the fate 29 and bioavailability of Cu in soils. In contrast, the geographic variability of 3 orders of magnitude in the 30 CTP of Ni can mainly be explained by differences in pore water concentration of magnesium (Mg 2+ ).
31
Mg 2+ competes with Ni 2+ for binding to biotic ligands, influencing the toxicity. Our findings stress the 32
Introduction

38
Current chemical hazard ranking and scoring schemes, including life cycle impact assessment (LCIA), 39 ignore the fact that metals can exist in many forms with different behavior and toxicity in terrestrial 40 environments, depending on the ambient conditions. Efforts have recently been undertaken to improve 41 the situation. Following the "Clearwater Consensus" on assessing metal hazard in freshwater, 1 Gandhi 42 et al.
2 developed a method for calculating comparative toxicity potentials (CTPs) of metals in aquatic 43 systems taking metal speciation into account in environmental fate, bioavailability and effects. The 44 CTPs (in LCIA also known as characterization factors, CF) ranged over three orders of magnitude. The 45 biggest contributor to the variability in CTPs was the difference in bioavailability, controlled mainly by 46 pH-dependent dissolution and complexation with dissolved organic matter. These findings highlight the 47 need for taking into account environmental chemistry parameters in ecotoxicity assessment of metals.
48
For soils, metal distribution between the solid phase and solution phase, and speciation in soil 49 pore water control the availability of toxic forms of metals, while protons and base cations can mitigate 50 their ecotoxicity.
3-4 Several aspects should be considered when including speciation in calculating soil-51 specific CTPs of metals. First, residence time of metals may be high due to sorption of metal to soil 52 constituents such as clay or organic carbon. 5 Second, a significant fraction of the solid-phase metal is 53 not available for partitioning to the solution phase due to differences in reactivity of solid metal forms.
6 54 Third, geographic variability of environmental chemistry parameters in soil can be high. For example, 55 in soils a variation of six units in pH is not uncommon. 7 Due to the effects of pH and other parameters 56 on metal sorption, speciation and ecotoxicity, it can be expected that CTPs of metals in soil will also be 57 controlled by environmental chemistry and will vary depending on soil type, but the magnitude of this 58 variation and controlling factors are unknown.
59
The aim of our study was to calculate CTPs for copper (Cu) and nickel (Ni) in terrestrial 60 systems taking into account spatial differences in speciation and toxicity as influenced by the soil 61 chemistry. CTPs were calculated for a set of 760 noncalcareous soils from around the world spanning a 62 wide range of properties. USEtox was employed as a fate model to calculate fate factors (FF) of metals 63 in soil after a unit emission to air. [8] [9] This emission route was chosen because emissions to air are a 64 major anthropogenic source of metals in soils.
10 Empirical regression models were used to account for 65 differences in metal partitioning in calculation of the distribution coefficient (K d ) and bioavailability 66 factors (BF), while terrestrial biotic ligand models (TBLM) were chosen as ecotoxicity models to 67 calculate effect factors (EF the terrestrial ecotoxicity effect factor defined as PAF for the free ion form of the metal. We expressed 102 the BF based on the free ion because calculation of the "truly" dissolved metal in soil requires input 103 parameters that are rarely available, such as composition of major anions forming complexes with the 104 free ion.
105
In the framework proposed by Gandhi et al. 2 for freshwater, the ACF is in practice part of the 106 BF. The decoupling of the ACF from the BF for the soil assessment is recommended for two reasons.
107
First, the ACF acknowledges the fact that the largest metal pool in soil is the solid-phase metal.
108
Second, the ACF recognizes that not all forms of metal in soil are reactive. Others readily showed that 109 dissolved concentrations of metals can be better predicted from the reactive metal pool instead of the 110 total metal pool. [11] [12] In freshwater, these aspects are expected to be less important because the 111 particulate-bound metal fraction is often smaller than the total dissolved metal pool, 13 and because the 112 reactivity of metal sorbed to suspended matter is not expected to be substantially reduced within time 113 until it is removed by outflow and/or sedimentation. 14 The term "reactive" refers to the operational 114 definition proposed by Degryse et al. 15 for the "labile" metal, given as metal in the solid phase that 115 "equilibrates with the solution phase within a few days".
116
The terms accessibility and bioavailability are not new and have been used previously in the soil 117 pollution context. 16 who defined the bioavailable compound "as that which is freely available to cross an 129 organism's cellular membrane from the medium the organism inhabits at a given time". Note, that both 130 the ACF and the BF are independent of the receptor, because the fate of the free ion within the 131 organism after crossing the membrane does not depend on the soil anymore.
132
To illustrate these definitions with an example, the comparative toxicity potential of a metal 133 will be the highest if all metal forms in soil are reactive and the only dissolved form are the free ions.
134
However, even if the solid-phase metal is reactive and thus accessible within given time, metal can still 135 become non bioavailable if speciation in soil pore water reduces concentration of the free ions to low 136 levels (soil 1 in Fig. 1, left) . On the other hand, even if the fraction of free ions in the solution is 137 considerably large, the comparative toxicity potential of the metal can still be reduced if metal is not 138 reactive because the total dissolved metal pool will be lower (soil 2 in Fig. 1 to compartment i (eq 3). Note, that this definition of the FF includes a correction factor to acknowledge 157 the fact that only a fraction of metal emitted to compartment i is transferred to soil, while the residence 158 time of anthropogenically induced metal content in a soil refers to removal processes, such as leaching 159 and runoff. We employed USEtox to calculate the FF of metal in natural soil after unit emission to 160 continental rural air. USEtox is a consensus model developed through comparison and harmonization 161 of seven LCIA-suited models and considers major fate mechanisms. Default USEtox environmental 162 parameters were used combined with metal-and soil-specific K d values. Calculations were performed 163 for infinite time horizon, assuming instantaneous equilibrium for metal distribution and speciation. 164 Similar approaches to modeling metal fate in soil have been presented previously. where ΔC total,s (kg total/ kg) is the incremental change in concentration of total metal s in soil; ΔM s (kg total 169 emitted /day) is the incremental change in the emission of total metal s to compartment i; V (m 3 ) is the 170 volume of the soil compartment; and ρ b (kg/m 3 ) is the bulk density of the soil. 171 K d , defined as the ratio between the concentration of total metal in the solid phase and the total 172 dissolved metal was calculated employing empirical regression models recently proposed by 173
Groenenberg et al. 21 Empirical regression models (see SI for a review) are equilibrium-based models 174 and find application in deriving soil quality criteria 22 or in human exposure assessment. 23 The 175 following criteria, listed in order of increasing priority, were applied to select models from available 176 alternatives: (i) models with lower standard errors of estimate in soils outside the parameter range for 177 which they were developed were preferred; (ii) models with lower standard errors of estimate in soils 178 within the parameter range for which they were developed were preferred; (iii) models developed using 179 soils spanning a wide range of environmental properties (pH, the content of organic carbon and total 180 metal) were preferred; (iv) models developed using a large number of soils were preferred. Terrestrial biotic ligand models (TBLM) were chosen to calculate the EF because the fraction of 220 metal bound to a biotic ligand of terrestrial organisms is expected to be a better descriptor of 221 ecotoxicological response than activity of free ion in soil solution or total metal in soil.
4 Ecotoxicity 222 models that in addition to competitive binding consider electrostatic interactions between metal ions 223 and organism cells have been developed, but their availability is limited to plants. [30] [31] The following 224 criteria were used in selection of TBLMs: (i) models were selected to predict metal toxicity to 225 organisms from at least three trophic levels (plants, microorganisms, and invertebrates); (ii) only 226 models predicting chronic ecotoxicity were used (iii) only models developed in soils were used. The 227 first two criteria were based on the recommended practice to use chronic EC50 values and the 228 representation of the three fundamental trophic levels, both of which are essential to ensure the 229 relevance of the calculated ecotoxicity indicators to terrestrial ecosystems. 32 The third criterion relates 230 to the fact that most TBLMs have been developed in experimental model systems such as nutrient 231 solutions or artificial porous media, and their applicability to soils has rarely been evaluated. 232
Christiansen et al. 33 demonstrated how a biotic ligand model developed in nutrient solution fails to 233 predict ecotoxicity of Cu to lettuce (L. sativa) when exposed in soil. In total, six models for Cu and Ni 234 respectively, 4, 34 were selected (Table S3 ). 235 236 Soils. A global set of soils containing 760 topsoil profiles was selected from the ISRIC-WISE3 (version 237 3.1) soil database. [35] [36] In total, the database holds data on measured soil properties for 10,253 soils 238 collected in 149 countries. 36 The majority of soils were excluded from the modeling due to missing 239 information on pH, organic carbon, clay, sand, silt, exchangeable cations and soil electrical 240 conductivity (6608 cases). We also excluded 860 soils with soil electrical conductivity and 241 exchangeable cations assigned "zero" values, because in those cases it was not possible to differentiate 242 whether these parameters equaled "zero", or whether they were lacking values when accepting soil 243 profile data to the database. 35 Another 1,331 profiles were excluded because the method used to 244 measure soil electrical conductivity was either not specified, or it was stated that this parameter was not 245 measured even when a value was assigned to this parameter (in most cases 0.1 dS/m). Because the 246
TBLMs are not applicable to calcareous soils, soils with carbonate content (CaCO 3 ) above 0% (437 247 cases) and those with pH>6.5 that did not have a value assigned to CaCO 3 (252 cases), were also 248 excluded. To the remaining soils that did not report CaCO 3 , a value of 0% was assigned (57 cases). 249
Finally, saline soils (ionic strength of soil pore water above 0.5 mol/l) were not included because of 250 uncertainties related to calculations of ion activity coefficients (5 cases). This resulted in 760 251 noncalcareous soils for which CTPs could be calculated. These soils span a wide range of properties 252 with respect to the most influential parameters affecting metal bioavailability and ecotoxicity, i.e. pH, 253 content of organic carbon, and ionic composition of soil pore water ( Table S1 ). Note that the latter is 254 not given in the database and was calculated following the Gaines-Thomas convention for modeling 255 cation exchange, as presented in the SI. The location of those soils for which geographical references 256 are available is shown in Fig. S1 . (Table S8) . Fate factor increases with increase in the partitioning coefficient, which is 306 explained by the latter's strong influence on processes included in the fate model, i.e. leaching to 307 deeper soil layers and runoff from soil (Fig. S6 ). These processes are slow for metals due to their strong 308 binding to soil constituents, resulting in residence times of hundreds of years for a soil layer of 0.1 m. available, assemblage models constructed using multisurface models can be employed for modeling 337 both speciation in soil pore water and time-dependent changes in the solid-phase metal reactivity in 338 soils.
339
Our study corroborates earlier study recommending the use of calibrated bioavailability models 340 to correct for metal leaching and aging 45 by introducing a factor which is based on a mechanistic 341 understanding of processes affecting metal availability in soils. Further work should be devoted to 342 considerations of changes in metal reactivity with time as affected by emitted forms of metal and soil 343
properties. This aspect is particularly relevant if finite time horizons are considered in modeling 344 comparative toxicity potentials for metals.
345
The ACF is not just relevant for metals in soil. The availability of some organic contaminants 346 can also be reduced in soil by sorption to organic matter and slow diffusion into micropores. 359  2d) . To test the accuracy of these predictions, we calculated the concentrations of free metal ions 360 expressed as a fraction of total dissolved metal using regression models employed to calculate 361 concentration of free ion and total dissolved metal, and compared them with the free ion fraction of 362 total dissolved metal measured by others. -2 ). This is because only five soils with pH>7 and only 368 two soils with organic carbon content above 20%, in which bioavailability of Cu and Ni is expected to 369 be low, were included in our data set. Here, in one soil the calculated free ion fraction of total dissolved 370 Cu exceeds the maximum possible value of 1 (by 129%), while the fraction of free Ni 2+ exceeds the 371 maximum possible value of 1 in five soils (by<12%). We consider these predictions as sufficiently 372 accurate to incorporate the BFs in calculations of CTPs. , and sometimes by Ca
2+
. As a consequence, EFs of Cu strongly correlate with soil pH (Table  382  S11 ). In contrast, the EF of Ni primarily correlates with the concentration of Mg 2+ dissolved in soil 383 pore water. Comparison between our species sensitivity distributions (SSD) constructed from the 384 TBLM-derived EC50 values, and SSDs derived from species effect data from ecotoxicity experiments 385
shows that even though non-alkaline soils dominate our dataset, and there are differences in species 386 included in the comparison, in many cases our SSDs fall within the 95% confidence interval for the 387 experimental SSD (see SI). We consider these predictions as reasonable and sufficiently accurate to 388 employ our EFs for calculating CTPs. 389
Haye et al. 49 showed that EF based on total metal for Cu was 3.2 times higher than that for Ni. 390
Here, the ecotoxicity ranking of Cu and Ni is more similar to what was observed for freshwater 391 organisms by Gandhi et al. 2 who showed that Cu is about 80 times more toxic than Ni when the EF was 392 based on the "truly" dissolved metal. Toxicity of metals can be related to the strength of their binding 393
to biomass, such as plasma membranes, cell walls, and proteins, and has been shown to correlate with 394 metal softness. 50-51 A property of soft metals is that they have strong binding affinity to soft ligands, 395 such as biomass. If corrected for differences in ionic composition of the environment, only molecular 396
properties of metal ions and the type of biomass will drive the metal uptake and toxicity, which may 397 explain the similarities reported here between toxicity ranking of metal ions for terrestrial and aquatic 398 organisms. Veltman et al. Cu is improved by including the effects of soil pH, influencing bioavailability (Table S10 ). In contrast 409
to Cu, the compensating effects of soil organic carbon on both accessibility and bioavailability result in 410 soil organic carbon being a rather poor descriptor of CTP for Ni. It should be also noted that research is needed to evaluate whether the framework can be 465 applied to elements forming anions or organic compounds, whereas the reactivity of massive metal 466 products and metallic nanoparticles is expected to be more dependent on the particle size and/or shape 467 than on the initial chemical form. 
